Four different types of polymeric particles with different functional groups on their surface have been evaluated to develop biosensors using glucose oxidase as a model enzyme. Direct covalent immobilization was achieved on particles functionalized with chloride, epoxy and vinyl groups via the reactive functional groups on the surface, whereas particles functionalized with carboxylic groups, used as reference materials, were pre-activated with carbodiimide. Immobilization was successfully performed under very mild conditions (20 C, pH 8.0). In order to determine the advantages and disadvantages of each functional group, both the amounts of immobilized enzymes and their relative activities were fully investigated. In order to demonstrate their applicability on the design on biosensing with oxygen optical transduction, the functionalized particles were co-immobilized in gold chips with oxygen sensing particles (PSMA-PtTFPP) using electrophoretic deposition and characterised for glucose determination in solution.
Introduction
To develop a biosensing lm with optical oxygen transduction, two elements, at least, are necessary: 1 (1) the biochemical recognition element (i.e. oxidase enzyme) which can oxidise the analyte and change the concentration of oxygen in the media, and (2) an oxygen transduction element which provides the analytical signal.
Immobilization of biomolecules and the preservation of their biological activities have proven particularly valuable and have been exploited to enhance their biomolecule properties for successful utilization in the development of biosensors. 2 The vast amount of coupling chemistry and the diversity of the carrier structure are also powerful assets for modulating the catalytic properties of the enzyme. Thus, selection or preparation of the carrier is of crucial importance with regard to the performance of the immobilized enzymes. 3, 4 Herein, four different types of spherical polymeric particles with different functional groups on their surface were tested for covalent immobilization of GOx, which was used as a model enzyme: chloride groups (PolymP®-Cl), epoxy groups (PolymP®-Epoxy), particles with a pre-activated vinyl surface (PolymP®-Link) and classical particles functionalized with carboxyl groups (PolymP®-H) were used as reference materials. Optimum immobilization conditions of GOx for each type of particle were investigated.
The oxygen sensitive transducer should consist of an oxygen sensitive dye incorporated into an oxygen permeable, inert support. Pt(II) meso-tetra(pentauorophenyl)porphine (PtTFPP) is one of the most widely used dyes for the preparation of optical oxygen sensing lms due to its good photostability, 5 long luminescence lifetime, wide excitation range, and large Stokes shi, which simplies the measurement system. 6, 7 On the other side, polymeric materials have demonstrated good properties in terms of solubility of the dye and permeability to oxygen. 8, 9 It has been proved that poly(styrene-co-maleic anhydride) provides good stable and high zeta potential nanoparticles. 10, 11 Thus, PSMA-PtTFPP was used as optical oxygen transducers in this work.
Finally, these two elements have been deposited on an inert support in order to demonstrate their applicability in the determination of the analyte in solution. There are several strategies to deposit polymeric nanoparticles on a solid support. Electrophoretic deposition (EPD) is considered a suitable technique for the fabrication of devices with biotechnological applications. 11 In traditional EPD, a dc voltage is applied across the cell, thereby creating an electric eld that transports charged particles to the electrodes where they deposit to form a cast lm. The thickness and structure of coatings obtained by EPD can be easily adjusted by the processing parameters like deposition time, electric eld and concentration of the suspension. [11] [12] [13] 
Experimental

Reagents and materials
Four different polymeric particles were kindly supplied by NanoMyP® (http://www.nanomyp.com). PolymP®-H are polymeric particles functionalized with carboxyl groups, PolymP®-Cl are functionalized with chloride groups, PolymP®-Epoxy are functionalized with epoxy groups and PolymP®-Link are functionalized with a preactivated surface containing vinyl groups.
For the immobilization of glucose oxidase on their surface, glucose oxidase (GOx) from Aspergillus niger (EC 1.1.3.4), Nethyl-N 0 -(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), potassium dihydrogen phosphate (KH 2 PO 4 ), potassium monohydrogen phosphate (K 2 HPO 4 ) and N,N-dimethylformamide (DMF) were all purchased from Sigma Aldrich.
To test the activity of GOx, horseradish peroxidase (HRP) from horseradish (E.C.1.11.1.7), D-glucose, 4-aminoantipyrine (4-AAP) and phenol were purchased from Sigma Aldrich.
For the synthesis of the oxygen sensitive particles, the following chemicals were used: poly(styrene-co-maleic anhydride) polymer (PSMA, 7% maleic anhydride, M w ¼ 224 000 g mol À1 ) and tetrahydrofuran (THF) from Sigma Aldrich, and Pt(II) meso-tetra(pentauorophenyl)porphine (PtTFPP) from Frontier Scientic.
All chemicals were of analytical grade and used without further purication. All the solutions were prepared using doubly distilled water.
Apparatus and measurements
The UV-visible absorption spectra were recorded on a Varian Cary 50 UV-Vis spectrophotometer. All luminescence measurements were carried out on a Varian Cary-Eclipse uorescence spectrophotometer.
The average size of the particles, size distribution and zeta potential were determined with a particle size analyser Zetananosizer (Malvern Instrument, model Zetasizer Nano ZS, http://www.malvern.com).
The pH of the buffer solutions was controlled using a digital pH meter (Crison micropH 2000) calibrated at 20 AE 2 C.
Immobilization of the enzyme
The enzyme was immobilized on four different polymeric particles involving several covalent immobilization methods. 3, 4 PolymP®-H (functionalized with carboxyl groups), PolymP®-Cl (functionalized with chloride groups), PolymP®-Epoxy (functionalized with epoxy groups) and PolymP®-Link (functionalized with activated vinyl groups) were used as supports. The principle of coupling the enzyme with each support surface is illustrated in Fig. 1 . The following variables were optimized for all the immobilizations: temperature, enzyme concentration, reaction time and pH.
In detail, immobilization on PolymP®-Cl and PolymP®-Epoxy particles was carried out by incubating 100 mL of 10 mg mL À1 enzyme solution in 100 mM potassium phosphate buffer at pH 8 containing 1.2 mL of particle suspension (0.17% w/v H 2 O : MeOH (5 : 1)). This amount corresponds to 2 mg of particles instead of 5 mg used for the rest of particles. It is due to the lack of dispersion of these kinds of particles in the immobilization media.
Immobilization on PolymP®-Link particles was carried out by incubating 400 mL of 2.5 mg mL À1 enzyme solution in 100 mM potassium phosphate buffer at pH 8, in 100 mL of particle suspension (5% w/v); 5 mg of particles.
For the immobilization on PolymP®-H, the carboxylic acid groups of the particles were rst pre-activated. 4, 14 Briey, 100 mL of particle suspension (5% w/v; equivalent to 5 mg of particles) were immersed in 400 mL of DMF containing 3.1 mg EDC and 46 mg NHS for 1 h. Aer that, the particles were washed with phosphate buffer solution (100 mM, pH 8.0) three times, and transferred to 400 mL of the same buffer solution containing 2.5 mg mL À1 of enzyme. The immobilization was allowed to proceed at room temperature for 20 min under rotational stirring.
Thereaer, all immobilized derivatives were separated from the solution by centrifugation, decantation, and washing with fresh buffer solution and with ionic strength (NaCl 1 M) until no enzyme signal was detected in the washing solvent. The separated particles loaded with immobilized enzymes were resuspended in 0.5 mL of phosphate buffer at pH ¼ 8 and stored at 4 C. The collected supernatants were preserved for further testing.
All the experiments were replicated three times in order to evaluate the error ðst= ffiffiffi n p Þ, where s is the standard deviation, t the student t and n the number of replicas. 
Characterization of functionalized particles
The amount of enzyme immobilized on particles was calculated by measuring the concentration of the enzyme in the supernatant and then subtracting from the total free enzyme amount, assuming that the loss of enzyme in each experiment could be negligible. The enzyme concentration in the supernatant solutions was measured by the spectrophotometric method at 348 nm. 15 For each sample, the experiments were replicated three times to estimate the error. The relative activity (%) of the immobilized enzyme was determined using the colorimetric method based on Trinder's reaction. [16] [17] [18] GOx catalyses the oxidation of D-glucose to gluconic acid with the concurrent release of hydrogen peroxide. In the presence of peroxidase (horseradish peroxidase (HRP)), the produced hydrogen peroxide reacts with 4-aminoantipyrene (4-AAP) and phenol to form a red coloured quinoneimine dye, which has an absorption maximum at 510 nm. Based on this, the relative activity was calculated as a percentage of the immobilized GOx and free GOx absorbances.
In detail, to test the relative activity (%) of the immobilized GOx, 2.5 mL phosphate buffer (100 mM, pH 8.0) containing 2 mg free or immobilized GOx and 0.04 mmol glucose were mixed with 1 mL of 4-aminoantipyrine (200 mM), 1 mL of phenol (200 mM), and 0.5 mL HRP (20 U mL À1 ) and incubated at 37 C and stirred for 30 min. Aerward, the testing solution was analysed using a UV-Vis spectrophotometer at a wavelength of 510 nm. 18 
Preparation and characterization of the oxygen sensitive particles
The PtTFPP-PSMA particles were prepared following the procedure described elsewhere. 11, 19 Briey, 100 mg of PSMA (0.1% w/v) and 1.5 mg of PtTFPP (1.5% w/w respect to the polymer) were dissolved in 100 mL of THF. Then, 5 mL of the cocktail were added dropwise, with stirring, to 8 mL of deionized water. Finally, THF was evaporated under a stream of air.
The resulting polymeric particles with the embedded dye formed stable dispersions and presented an average particle diameter of 151.3 nm, a PdI of 0.088, a zeta potential of À32.9 mV and a conductivity of 0.0330 mS cm À1 .
Electrophoretic deposition
For the preparation of the biosensing lm, oxygen sensitive particles and GOx functionalized particles were both deposited on the surface of a gold chip by EPD. The homemade electrophoretic cell previously described by our research group 11 was used to carry out the electrophoretic deposition and several deposition strategies were tested. The chips were rinsed with deionized water and dried with nitrogen to remove all nonattached particles aer each deposition.
To improve the adherence to the substrate material and to increase the density of the coating, different potentials and deposition times were also tested.
Results and discussion
Determination of optimal conditions for enzyme immobilization Four different methods for the covalent immobilization of enzymes were evaluated using GOx as a model enzyme. Two essential requirements must be met to achieve efficient covalent binding between the enzyme and the carrier: a suitable reactivity of the functional groups of the selected carrier and sterically accessible functional groups to each other under the selected immobilization conditions before binding. Based on this, GOx was directly covalently immobilized on PolymP®-Cl (functionalized with chloride groups), PolymP®-Epoxy (functionalized with epoxy groups) and PolymP®-Link (functionalized with a pre-activated surface containing vinyl groups). These functional groups may be used for covalent immobilization without any previous surface activation treatment. Whereas, the binding of the enzyme to PolymP®-H (functionalized with carboxyl groups) was carried out by initial activation of the surface using carbodiimide, followed by enzyme coupling to the activated support. 20 The mechanisms of coupling the enzyme with these support surfaces are presented in Fig. 1 .
Optimization of the immobilization of the enzyme on carboxyl functionalised particles
The rst step was to optimise the activation of the carboxyl groups on PolymP®-H particles. To do this, the amount of EDC, the amount of NHS and the reaction time were evaluated. Table  1 shows the optimal conditions for activating the carboxyl groups.
To investigate the optimum pH for immobilizing GOx, 5 mg of activated carboxylated particles were added to 400 mL of 2.5 mg mL À1 GOx prepared in 100 mM buffer solution at different pH values (6, 7, 8 and 9). The immobilization mixture was kept at room temperature for one hour and then was washed with the same buffer solution until no protein was detected in the washing solvent. As can be seen in Fig. 2a , the pH of the immobilization medium signicantly affects both the amount of immobilization and the activity. The maximum amount of immobilized enzyme (0.051 mg enzyme per mg support) and the maximum relative activity (%) were both found at pH 8.0. Therefore, it was selected as the optimum pH for further experiments.
To determine the effect of the temperature, immobilization was carried out at different temperatures (4, 10, 20 and 40 C). Fig. 2b shows the experimental results. It is known that temperature is an important parameter which determines the three-dimensional structures or conformational states of enzymes, and therefore, as expected, it affects both immobilization and activity. 21, 22 The amount of immobilized enzyme increases with the temperature, while the relative activity (%) drops signicantly. Based on this result, the temperature selected for immobilizing GOx was 20 C. Under these conditions, the immobilized enzyme retained approximately 20% of the native enzymatic activity.
The effect of the enzyme concentration was also investigated. GOx solutions with four different concentrations (0.625, 1.25, 2.5 and 5 mg mL À1 ) were prepared with a buffer solution at pH 8.0. Then, 400 mL of each solution was added onto 5 mg of activated particles for 20 min at 20 C. Fig. 2c shows that the amount of immobilized enzyme increases when the initial amount of enzyme is increased. However, there is a pronounced decrease in the relative activity of the immobilized enzyme when the initial concentration amount of GOx is higher than 1 mg mL À1 . This phenomenon could be attributed to the aggregation of the enzyme on the surface of particles that might cause the blockage of enzyme active sites, resulting in a drop in immobilized enzyme activity. These results clearly showed that a higher amount of immobilization of GOx on the support does not mean that it will exhibit higher activity. These effects were previously observed in the literature. 23 Table 1 shows an overview of the optimal conditions for effective immobilization of GOx on PolymP®-H attending not only to the amount of immobilized enzyme but also to its activity aer immobilization.
Optimization of immobilization of enzyme on chloride, epoxy and active vinyl functionalised particles
Having the optimal conditions for immobilizing the enzyme into PolymP®-H as a starting point, pH, incubation temperature and concentration of the enzyme were also evaluated for the rest of polymeric particles (PolymP®-Cl, PolymP®-Epoxy and Poly-mP®-Link). In this case, the immobilization of the enzyme was carried out directly; no preactivation stage was necessary. Similar results were obtained for PolymP®-H. The results have been summarized in Table 1 .
Comparison of the immobilizing behaviours using different functional groups
To compare the immobilizing behaviours on different supports with different supercial chemistry, we investigated the variation of the immobilized amount of the enzyme and its activity under the optimum conditions versus the time between 20 min and 48 h (see Fig. 3 ).
An increase in the incubation time provides an increase of the amount of immobilized enzyme for all the particles, but this increase is more effective for PolymP®-Link and PolymP®-H than for the others (see Fig. 3a ). Thus, it is possible to immobilize more amounts of enzyme in a shorter time using PolymP®-Link and PolymP®-H. Fig. 3b shows that the relative activity (%) of the immobilized enzyme is decreased when the incubation time increases, but the highest activity is exhibited by the enzyme immobilized on PolymP®-Link particles at all the incubation times followed by carboxylic PolymP®-H particles. The relative activity (%) of the enzyme immobilized on PolymP®-Link was 26% of the free enzyme while it was 19% when it was immobilized on PolymP®-H for 30 min.
It is possible to conclude that PolymP®-Link particles show a similar or better supercial chemistry for the immobilization of enzymes than classical particles based on carboxyl groups. In addition, Table 1 summarises the amount of enzyme immobilised per mass of particles under the optimum conditions. It is possible to conclude that PolymP®-Link need the lowest amount of enzyme (only 12 mg per gram of particles) for providing the highest activity. Thus, its use provides a considerable reduction in the cost of the nal biosensor.
The active vinyl functionalised particles show the best results even when they have the lowest amount of immobilized enzyme because the active centre of the biomolecule aer immobilisation in PolymP®-Link might be more available in this kind of particle than in the rest of the tested supports. Or it might be due to a better stabilization of the quaternary structure of GOX aer attachment to an active vinyl group than to any of the other ones.
Optimization of the EPD experimental conditions and applications
Different approaches were accessed for depositing both oxygen sensitive and enzyme-functionalized particles. However, deposition of both at the same time did not provide good results, probably due to the difference of charge between them. Therefore, deposition protocols consisting of alternating layers of oxygen sensitive and GOx-functionalized particles were evaluated. The optimal response was found by depositing a layer of oxygen sensitive particles rst and then a layer of enzymefunctionalized particles.
The electrodeposition of oxygen sensitive particles was evaluated by applying constant potentials (2, 4 and 6 V cm À1 ) and deposition times between 10 and 120 min, at a constant concentration of suspended particles and measuring the differences in the luminescence intensity (I x À I 0 ), where I x corresponds to the relative luminescence intensity at 8 ppm of oxygen and I 0 is the relative luminescence intensity in the absence of oxygen. ESI shows the experimental results ( Fig. ESI-1 ). †
The response signal (I x À I 0 ) is proportional to the amount of deposited particles therefore it is possible to conclude that an increase of the deposition time provides an increase on the amount of deposited particle up to a certain deposition time in which the amount of particles remains constant. This is expected in a constant voltage EPD because at the initial period of EPD there is generally a linear relationship between deposition mass and time during 12, 24 and when the deposition time increases, the electric eld inuencing electrophoresis decreases because of the formation of an insulating layer of deposited particles on the electrode surface. The maximum response to the oxygen concentration was achieved at 6 V cm À1 and a deposition time of 30 min.
In addition, luminescence spectra were recorded to evaluate possible changes in the spectroscopic behaviour of the oxygen sensitive particles once the particles were deposited. No changes in the spectroscopic properties of deposited particles compared to particles in suspension were observed.
The effect of applied potential and deposition time on the electrophoretic deposition of immobilized GOx was evaluated by measuring the sensing response to 100 mg mL À1 glucose when constant potentials between 2 and 8 V cm À1 and the deposition time between 10 and 60 min were applied at a constant concentration of particles. ESI shows the experimental results ( Fig. ESI-2 ). † Deposition times longer than 50 min and potentials higher than 6 V cm À1 led to the darkening of the deposit. Moreover, high potentials caused electrolysis of water and evolution of hydrogen and oxygen gases at the electrodes on application of an electric eld. The incorporation of these gas bubbles in the deposit led to decrease the quality of the coating. The optimal parameters were found to be potential, 6 V cm À1 and deposition time, 30 min.
In addition, the number of alternating layers was also tested but the response was the same as for 1 layer of each kind of particle. In order to determine the applicability of each functional group under study in the eld of biosensing, the response of each chips was evaluated with different glucose concentrations (2, 5 and 10 mg mL À1 ), in 100 mM phosphate buffer solution at pH 7.0. The activity of the enzyme remained constant during all the measurement and no dye photobleaching or leaching of the particles from the chip surface was detected. Fig. 4 and ESI ( Fig. ESI-3 †) show the experimental results. They show that GOx immobilized on PolymP®-Link provided the best response, which was 50 times higher than the response showed by the classical carboxylated particles.
Conclusions
Four different types of polymeric particles with different supercial chemistry have been tested with the aim to determine the effect of the supercial functional group on chemical immobilization of the enzyme in the eld of optical biosensing, using GOx as a model enzyme. In fact the immobilization of the enzyme has been optimised on chloride-functionalized (Poly-mP®-Cl), epoxy-functionalized (PolymP®-Epoxy), preactivated surface containing vinyl groups (PolymP®-Link) and classical carboxyl-functionalized (PolymP®-H) particles; PolymP®-H were also used as a reference material.
The results showed that the enzyme immobilization is hardly inuenced by the chemistry of the carrier, pH, temperature, enzyme concentration, and immobilization time. Combining the results of activity and enzyme immobilization, it was determined that the particle with a preactivated surface containing vinyl groups (PolymP®-Link) provides higher activity with a smaller amount of enzyme than the classical carboxylfunctionalized (PolymP®-H) particles, which are widely used for immobilizing biomolecules.
To demonstrate their applicability in the eld of biosensing, the four enzyme-functionalized particles were deposited with oxygen sensitive particles in gold chips using EPD. The chip obtained using enzyme-functionalized PolymP®-Link showed the highest sensitivity to glucose, providing a sensing response 50 times higher than when classical carboxyl functionalized particles were used.
It is possible to conclude that particles with a preactivated surface containing vinyl groups (PolymP®-Link) are a serious alternative to classical polymeric particles for effective immobilisation of biomolecules in the development of biosensing lms.
Other interesting parameters to be considered are kinetic parameters (K m and V max ) and the reusability and stability of immobilized enzymes. In this work they have not been included because these are not only related to the functional groups but also with the selected biomolecule. Thus, they should be evaluated when the aim of the research is the development of a sensor.
